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SEXUAL DIMORPHISM AT THE PROXIMAL TIBIA:  A GEOMETRIC 
 
 MORPHOMETRIC ANALYSIS 
 
CELENA TOON 
 
ABSTRACT 
In the past few decades, an area of skeletal research focusing on shape analyses 
has gained popularity in the field of physical anthropology, and subsequently forensic 
anthropology.  Known as geometric morphometrics, this type of analysis allows the 
researcher to place the morphological shape of bones into a statistical framework to 
answer questions on a variety of topics, including sexual dimorphism.  Sex assessment 
from the long bones has been traditionally conducted using traditional morphometric 
methods (Iscan and Miller-Shaivitz 1984; Steyn and Iscan 1997), and as a result, relies 
mainly on size differences and has not considered how joint morphology and shape affect 
sex.  For this project, a geometric morphometric analysis of the proximal tibia in a 
modern Caucasian American population was conducted using a sample of 100 male and 
100 female tibiae from the William M. Bass Donated Skeletal Collection at the University 
of Tennessee at Knoxville.  The proximal tibia’s effectiveness as an indicator of sex in a 
modern American population was evaluated via generalized Procrustes, principal 
components, and discriminant function analyses.  Principal components revealed a lack 
of separation between males and females in terms of proximal tibia shape.  The 
discriminant function analysis was successful at discriminating males from females, but 
cross-validation yielded a low total accuracy rate of 58%.  The shape of the proximal 
vi 
tibia contributes to sexual dimorphism in a Caucasian American population, but is only 
slightly useful in a discriminant function.  Further research should be conducted on 
different populations and using different skeletal landmarks.   
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INTRODUCTION 
 
 
Forensic anthropology is an applied field of anthropology that utilizes the theory 
and methods of physical anthropology to study and analyze modern human skeletal 
remains.  One of the most important tasks of the forensic anthropologist is to assist in the 
identification process by creating a biological profile for unknown individuals.  Using 
various techniques and analyses can reveal a host of information from the skeleton about 
the decedent while they were alive, such as their sex, age, stature, and ancestry.  This 
information is compiled into the biological profile, which is used to match ante-mortem 
records of missing persons in order to find a positive identification.  Despite the ongoing 
research and advancement of techniques in this field, many individuals recovered in 
forensic contexts remain unidentified for a variety of reasons.  Full recovery of a skeleton 
is often difficult due to taphonomic factors such as animal activity or burial environment 
amongst othres.  Animals such as bears (Carson et al. 2000; Elgmork 1982), carnivores 
(Haglund 1997; Horwitz and Smith 1988; Pobiner 2008), rodents (Pobiner 2008), and 
suids (Dominguez-Solera and Dominguez-Rodrigo 2009; Greenfield 1988) have been 
known to scavenge, damage, and move human bones from their original deposit sites.  
Ungulates (Brothwell 1976) and certain types of cervids (Bowyer 1983) have even been 
noted to consume bone.  Careless handling of the remains after recovery can also cause 
damage or loss.  In addition, time restraints at a crime scene affect the quality of the 
recovery, making it easy to miss fragments or smaller bones such as the carpals or 
phalanges.  Though the recovery of human skeletal remains requires time and effort, in 
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reality, the amount of freedom forensic anthropologists are given at crime scenes is 
limited. 
Sex determination is an important part of the biological profile, because the 
ability to determine whether skeletal elements belong to a male or female individual 
immediately reduces the pool of potential identifications by fifty percent.  The biological 
difference between males and females within a species is known as sexual dimorphism, 
which includes the consideration of body size and shape, rate and timing of development, 
and genetics (Moore 2012:93).  The differential expression of morphological traits by 
males and females are affected by both intrinsic and extrinsic factors.  Intrinsic factors 
are the internal agents responsible for differential expression within the biological system 
such as genetics and hormone levels.  For example, hormone levels affect the expression 
of sexually dimorphic skeletal characteristics, which do not develop until puberty as a 
result of the change in hormone levels at puberty.  Thus, it is difficult to determine sex 
for subadult skeletal remains.  Moore (2013:93) states that it is difficult to accurately 
determine sex for individuals below 12 years of age, however, this number is variable 
depending on the context of the remains.  The phenomenon of secular change indicates 
that the onset of puberty is occurring earlier in modern populations due to changes in diet 
and nutrition.  Modern populations have more access to food and healthcare which has 
affected the rate of skeletal development and maturation in humans.  Thus, archaeological 
remains will exhibit secondary sex characteristics at a later age than a sample of modern 
skeletal remains.  Secular change is a good example of how extrinsic factors can affect 
development.  Extrinsic factors are external to the body such as diet, nutrition, and 
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locomotion.  The affect of locomotion and activity on the skeleton is an important 
consideration in sexual dimorphism because it involves the daily activities of humans.  
Bones are plastic, meaning that there is a certain amount of flexibility that allows the 
bone to change and adapt to the forces that act on them.  Load is the application of force 
to an object, even simple movement of standing places force on your bones.  Force is the 
weight placed on the object, and human bones are built to withstand some forces better 
than others.  Human bones can withstand compressive forces that push the bone together, 
better than tension forces that pull the bone apart.   Daily activities and movement place 
repeated load and stress on the bones that can be reflected on the morphological 
characteristics of a skeleton.  The differences in male and female locomotion and the 
amount of force and stress applied to their bones can thus affect the expression of sexual 
dimorphism.  People who are active and move around a lot may exhibit more robust 
skeletons than those who are more sedentary.  Gender roles and sociocultural factors can 
thus affect sexual dimorphism.  For example, in modern culture, many women find it 
desirable to wear high heeled shoes which forces one to walk in a manner that places 
more weight on the distal bones of the feet.  Theoretically, this could result in the 
expression of sexual dimorphism in the tarsal bones though it is not discussed in Harris 
and Case’s (2012) study of sex estimation from the tarsal bones, nor could it be applied 
universally since not all women wear high heels.  In addition, not all cultures or 
populations have the same footwear practices.  By use of inductive reasoning, 
bioarchaeologists can analyze sex to help answer questions about differential access to 
resources or cultural variation.  Similarly, in forensic contexts, an individual’s sex can 
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inform us about the identity of the individual.  By analyzing the intrinsic and extrinsic 
characteristics of sexual dimorphism, a better understanding of morphological differences 
and can be achieved. 
Standards manuals used by professionals indicate that the pelvis and the cranium 
are the preferred indicators of sex (Buikstra and Ubelaker 1994; White and Folkens 2005).  
White and Folkens (2005:386) suggest that this is because the pelvis and cranium are 
skeletal elements with the greatest expressions of dimorphism.  Males and females 
exhibit differences in pelvic morphology due to the biological function of childbirth that 
necessitates a structure more amenable for reproduction in females.  The ossa coxa 
exhibit several dimorphic traits and is extremely useful for assessing the biological sex of 
individuals.  These traits include the ventral arc, subpubic concavity, ischiopubic ramus 
ridge, greater sciatic notch, and preauricular sulcus.  Separate scoring systems exist for 
these features, making the os coxa useful even in a fragmentary context.   
Unfortunately, it is usually not the case that skeletal remains are found completely 
intact or including both the pelvis and cranium.  The pelvis and cranium, just as the rest 
of the skeleton, are subject to taphonomic processes that can destroy or scatter skeletal 
elements, thereby decreasing the recovery rate of remains.  For this reason, it is important 
to assess the efficacy of using other parts of the skeleton as indicators of sex.  Spradley 
and Jantz (2011) hypothesized that joint size exhibits significant sexual dimorphism, 
resulting in postcranial elements being highly effective at determining sex.  Even in 
comparison to the cranium, many postcranial elements were found to have been more 
successful despite the cranium’s traditional consideration as a primary indicator of sex, 
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only second to the pelvis.  Using data from the Forensic Anthropology Data Bank, 
Spradley and Jantz ran analyses to test the accuracies of different postcranial bones in sex 
estimation.  They demonstrated that measurements from the tibia results in a higher 
accuracy rate than using measurements from the cranium in a modern Caucasian 
American population.  However, in a modern African American population, using 
measurements from the tibia results in lower accuracy rates than the cranium, which 
reinforces that sexual dimorphism varies from population to population (Buikstra and 
Ubelaker 1994; Steyn and Iscan 1997; Iscan et al. 1998; Steyn and Iscan 1999; Steyn et al. 
2004; Bytheway and Ross 2011; Vance et al. 2011).   
While visual morphological assessments are extremely useful and convenient in 
forensic contexts, they are subject to high inter- and intra-observer error, and rely on 
subjective descriptions of size and shape (Richtsmeier 2002; Adams et al. 2004; Rohlf 
and Slice 2004; Slice 2005; Slice 2007; DiGangi and Moore 2012).  In contrast, 
morphometric analyses allow for the quantification of variation that occurs in human 
skeletal remains by taking measurements such as lengths and angles, which decreases 
error rates, provides classification accuracy rates, and overall less subjectivity in 
classifications (Richtsmeier 2002; Rohlf and Slice 2004; Slice 2005; Slice 2007; Spradley 
and Jantz 2011; DiGangi and Moore 2012).   
All scientific methods used in forensic cases must adhere to the Daubert standard 
in order to be introduced in the court system.  This means that the method is of high 
scientific standard and is generally accepted by the scientific community.  Quantified 
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methods that are supported by statistics are methods that are preferred by the court 
system since they are considered to be more scientifically sound than qualitative methods.   
Morphometric analyses are quantitative methods that can be analyzed with 
statistical tests.  Other advantages of using morphometric analyses include the ability to 
apply these methods to large amounts of skeletal remains and they are simple and 
nondestructive (DiGangi and Moore 2012).  Sex assessment from the long bones using 
traditional morphometric methods is considered a standard in forensic anthropology 
(Buikstra and Ubelaker 1994), and as a result, relies mainly on size differences.  This 
becomes an issue when one encounters an individual who is smaller or larger than 
average.  Larger, more robust females may be mistakenly classified as males while 
smaller, more gracile males may be mistakenly classified as females.  As mentioned 
earlier, population variation is a major factor that affects sexual dimorphism.  Size 
differences between males and females can vary from population to population in terms 
of degree of difference within a group or between different groups.  If a method of sex 
assessment is created from a sample of Caucasian Americans, this method may not be as 
useful when applied to an Asian sample.  The males in one population may be more 
gracile than in the population used to create the method, resulting in the misclassification 
of males in the first population.  Age is another factor that can affect the size of an 
individual. Juveniles are smaller than adults, and the same methods used to determine sex 
in adults should not be used for juveniles.  While the use of morphological traits to assess 
sex in juveniles is generally not accepted, metric methods do exist for estimating juvenile 
sex (Scheuer and Black 2008).  Morphometric analyses of sexual dimorphism in the 
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skeleton have been able to estimate the success rates of using postcranial bones as 
indicators of sex (Garcia 2012; Holland 1991; Iscan and Miller-Shaivitz 1984; Iscan et al 
1998; Kranioti and Michalodimitrakis 2009; Šlaus and Tomičić 2005; Steyn and Iscan 
1999).  As with any method, morphometric analyses are not without its limitations.  Since 
traditional morphometrics rely on linear measurements, it cannot be used to establish 
conclusions about shape differences. 
Geometric morphometrics is a method that involves using a 3D digitizer to 
produce anatomical landmark data for shape analyses.  From the landmark data, statistical 
analyses akin to those of traditional morphometrics can be analyzed with statistical 
software.  Researchers interested in geometric morphometrics agree that it is a powerful 
tool, for it can capture geometric data and retain information about shape throughout the 
statistical analyses, as well as remove or add size as a variable and create visualizations 
of the exact variations that occur (Adams et al. 2004; DiGangi and Moore 2012; Slice 
2005, 2007).  Some researchers criticize certain aspects of geometric morphometrics such 
as the use of visualizations and question whether they provide truly meaningful data 
(Richtsmeier et al. 2002).  However, the consensus seems to be in favor of these 
techniques (Richtsmeier 2002; Rohlf and Slice 2004; Slice 2005; Slice 2007; DiGangi 
and Moore 2012).  Data collected for geometric morphometric analyses undergo 
statistical transformations that provide information about variations between groups, and 
is easily applied to biological studies.  Geometric morphometrics is widely applicable to 
fields outside of anthropology, and in fact, has only been applied to anthropology in 
recent decades (Slice 2005, 2007).  Scientists have programmed software that allow for 
8 
the easy collection of landmark data for geometric morphometric analyses, that can also 
run multivariate statistical analyses and generate figures as well.  
In the past two decades, geometric morphometric methods have sharply increased 
in popularity, as indicated by the number of published research studies using geometric 
morphometrics in physical anthropology (Adams et al. 2004).  As a result of the 
increased popularity, standard methodology has been developed that allow researchers to 
accurately apply geometric morphometrics to test relevant hypotheses.  For example, the 
Generalized Procrustes Analysis is a popular method in geometric morphometrics due to 
its ease of use and ability to correct errors that may be introduced during the digitizing 
process (Richtsmeier 2002; Rohlf and Slice 2004; Slice 2005; Slice 2007; DiGangi and 
Moore 2012).  It is a superimposition method that overlays each dataset on to each other 
and then translates, rotates, and scales the datasets to a common centroid size, thereby 
removing differences in size, location and orientation (Adams et al. 2004; DiGangi and 
Moore 2012; Richtsmeier et al. 2002; Slice 2005, 2007).  These methods have been 
applied in a variety of research areas, including in forensic sciences, human evolution and 
biology (Adams et al. 2004; DiGangi and Moore 2012; Lycett and Von Cramon-
Taubadel 2013; Slice 2005; Slice 2007), and in a range of topics including sexual 
dimorphism (Bigoni et al. 2010; Kranioti et al. 2009; Ousley and Kenyhercz 2013; 
Pretorius et al. 2006; Scholtz et al. 2010; Shearer et al. 2012; Steyn et al. 2004), ancestry 
estimation (Buck and Vidarsdottir 2004; Franklin et al. 2010; Hennessy and Stringer 
2002; Kenyhercz et al. 2014; Ross et al. 2004; Sholts et al. 2011; Xing et al. 2013), and 
forensic reconstruction (Benazzi et al. 2009).  
9 
Based on the advantages of geometric morphometrics, it has been suggested that 
this method could be useful in the analysis of long bones, such as the tibia, for estimating 
sex.  The tibia is one of the weight-bearing bones of the body and subjected to regular 
stress at the proximal joint, and because males and females have been noted to be subject 
to different amounts of locomotion stressors, the tibia has been noted to exhibit sexual 
dimorphism (Holland 1991; Frelat et al. 2012).  The amount of literature on the utility of 
the tibia as an indicator of sex is sparse and furthermore, no published studies apply a 
geometric morphometric approach that analyzes sexual dimorphism at the proximal tibia.  
Accordingly, the present study proposes to examine whether the shape of the proximal 
tibia contributes to sexual dimorphism in modern populations using geometric 
morphometrics to analyze a set of tibiae.  As it is possible to determine sex from the 
proximal tibia using metric techniques (Holland 1991; Spradley and Jantz 2011; Šlaus 
and Tomičić 2005), it is expected that sex can also be determined using shape analysis.    
 
SEX ESTIMATION:  CURRENT METHODOLOGY  
 
 
An important part of the biological profile is the determination of sex.  Current 
methods in forensic anthropology have been tried and tested repeatedly, yielding high 
accuracy rates and making sex estimation one of the more easily discernible and more 
reliable parts of the biological profile.  Current methods include morphological 
assessments that involve visually evaluating specific morphological characteristics of a 
bone and metric estimations that utilize measurements taken from the bone.  Sex 
assessment refers to methods that utilize morphological assessments while sex estimation 
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refers to the methods that utilize metrics and statistics to yield a result (Spradley and 
Jantz 2011).  Due to fact that recovery efforts typically do not yield a full skeleton, 
morphological and metric methods have been developed for different bones, though sex 
estimation methods are preferred due to their being grounded in a more scientifically 
rigorous process and thereby adhering to Daubert standard.  The Standards Manual 
(Buikstra and Ubelaker 1994) indicates that the os coxae is the most reliable indicator of 
sex and provides the morphological methods widely used by forensic anthropologists.  
The simpler and more user-friendly methods are the assessments that look at the absence 
or presence of skeletal traits that are associated with either sex.  The Phenice method 
(Phenice 1969) is one such method, a morphological assessment of the os coxa that 
utilizes a simple scoring system for a quick assessment of an individual’s sex.  This 
method focuses on three traits:  the ventral arc, subpubic concavity, and ischiopubic 
ramus ridge.  The presence of these three traits is indicative of females while the absence 
of these traits is indicative of males.  Since the scoring system only allows three scores: 
(1) female, (2) ambiguous, and (3), male, it does not account for the amount of variation 
that can be exhibited in an individual.  A score of “ambiguous” is not helpful in forensic 
investigations since it does not narrow down the list of possible identifications.  The 
expression of sexually dimorphic traits is more like a continuum rather than discrete 
categories.  Rarely does an individual express strictly male or strictly female traits.  
Individuals are more likely to express some combination of both male and female traits, 
which can confound efforts to accurately perform classifications.  Despite its fallbacks, 
nonmetric methods of sex assessment are popular due to the ease and efficiency of 
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application.  Although problems exist in most sex determination methods and not just the 
Phenice method, it remains one of the most reliable and widely used techniques.   
Since its publication in 1969, the Phenice method has been used repeatedly and 
forensic anthropologists have taken note of its shortcomings.  Recognizing the drawbacks 
of the Phenice method, Klales et al. (2012) is an example of a method that expands on a 
well known process in an attempt to address the issues the original missed.  Klales et al. 
(2012) utilize a statistical framework for their method of sex estimation, with the final 
result displayed as a statistical probability that indicates the likelihood of an individual 
being either male or female.  This probability is important because it suggests that human 
skeletal remains can exhibit traits that are associated with males and females, and not 
simply one or the other.  As previously discussed, the Phenice method utilizes three traits 
of the pelvis, but it does not account for the weight of each trait or how much each trait 
actually contributes to sex.  Klales et al. were able to address this issue and generated a 
linear regression formula that weighs each trait against each other, with the ventral arc 
carrying the most weight.  Also, they expanded the scoring scheme, allowing a possible 
score of 1-5 for each pelvic trait.  This introduces the scores of “likely female” and 
“likely male” which consistently addresses the fact that the expression of sexual 
dimorphism on the skeleton can vary by individual and does not exclusively lean to one 
side.  
On the os coxae, the greater sciatic notch and the preauricular sulcus are also 
noted features that can differentiate between male and female individuals.  Scoring 
systems for both of these features can be found in the Standards manual (Buikstra and 
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Ubelaker 1994).  The greater sciatic notch has been observed to be wider in females than 
males.  The scoring system consists of five possible scores from one to five, one being 
widest and five being the narrowest.  The preauricular sulcus has been noted to be more 
pronounced in females.  The scoring system for the preauricular sulcus also consists of 
five possible scores, but from zero to four, with zero indicating an absence of the 
preauricular sulcus, one being the least pronounced, and four being most pronounced.   
As mentioned earlier, the skull is commonly used for sex estimation.  The 
Standards Manual (Buikstra and Ubelaker 1994) cites the Acsádi and Neméskeri method 
of visual assessment of the nuchal crest, mastoid process, supraborbital margin, 
supraorbital ridge, and mental protuberance allow for the classification of sex.  The 
nuchal crest, mastoid process, supraorbital ridge, and mental protuberance are scored 
from one to five, with one being the least pronounced and five being the most 
pronounced.  The supraorbital margin is scored form one to five with one being sharp and 
five being blunt.  The combination of these traits will inform about the sex of the skull, 
generally placing males as the more robust sex and females as the more gracile sex.  
Once again, in such methods, the variable being examined is size which not only varies 
between sexes but also populations.  Walker (2008) applied a multivariate statistical 
framework to this method of visual assessment of crania and developed several models to 
estimate sex from different combinations of these five cranial traits.  Discriminant 
functions were developed for American/English and Native American populations that 
took into account the weight of each trait on sexual dimorphism.  Accuracy rates of over 
70% were generated in this study and the discriminant functions are provided for the 
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application to unknown specimens.  Giles and Elliot (1963) is an early example of the use 
of discriminant functions to for sex estimation.  They developed discriminant functions 
based on cranial measurements to estimate sex, and it is one out of many published 
methods that use discriminant functions.   
Forensic anthropologists frequently work with fragmented and missing remains, 
and in consideration of the realities of fieldwork, nonmetric and metric methods of sex 
assessment utilizing elements others than the pelvis or cranium have been developed.  
Spradley and Jantz (2011) is one of the most comprehensive publications that list 
discriminant functions for cranial and postcranial elements, along with their respective 
accuracy rates.  Their publication includes multivariate and univariate discriminant 
functions for the clavicle, scapula, humerus, radius, ulna, sacrum, os coxa, femur, tibia, 
fibula, cranium, and mandible.  The data used to generate these functions are from the 
Forensic Data Bank that includes measurements of known individuals, developed by the 
University of Tennessee in Knoxville.  The use of discriminant functions in sex 
estimation is common due to its basis in multivariate statistics and effectiveness in 
separating groups.  Purkait (2005) developed a method that uses measurements of a 
triangle that is formed by the posterior aspect of the femur.  The triangle is drawn from 
the apex of the greater and lesser trochanters, and the lateral most point on the articular 
margin of the femoral head.  Using a sample of 200 males and 80 females from Central 
India, discriminant functions were generated and accuracy rates of 81.3-86.5% were 
achieved.  Purkait suggests that the femur may be more dimorphic due to its role as a 
weight-bearing bone.  Another long bone that has been considered in sexual dimorphism 
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is the humerus, which is the bone used by Vance et al. (2011) in their nonmetric sex 
assessment of 608 Black and White South Africans.  They observed that the olecranon 
fossa shape, angle of the medial epicondyle, and trochlear extension exhibited sexual 
dimorphism and developed scoring systems of each trait that yielded accuracy rates of 
75-77%.  From the several publications discussed above, it is clear that long bones 
exhibit significant sexually dimorphic traits that are valuable for estimation of sex for 
unknown individuals. 
Despite the high accuracy rates and overall confidence in these methods, sex 
estimation is not without its own problems and is not any less complex than ancestry, age, 
or stature estimation.  Individual variation is an important factor to consider in all aspects 
of the biological profile, including sex estimation.  Not all males will exhibit exclusively 
male traits, and not all females will exhibit exclusively female traits.  There exist plenty 
of individuals who are weighted towards the center when it comes to their skeleton 
expressing sex related traits.  Variation also exists between groups, which is why 
population specific studies are important in sex estimation studies.   
As with the other aspects of the biological profile, the biological sex of an 
individual’s skeleton is not necessarily reflective of the individual’s social identity or 
what is recorded on the records used to identify said individual.  Positive identification of 
an unknown individual relies on matching antemortem records of a known individual to 
an unknown individual.  Current methods in sex estimation place individuals in one of 
two categories:  male or female.  Of course, there are also those individuals that are 
classified as “inconclusive” or “ambiguous” due to lack of information or confidence in 
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making an absolute determination.  However, there are people who identify themselves in 
categories other than simply male or female, and these categories often are not related to 
biological sex.  Forensic anthropologists gather data and create methods based on modern 
skeletal collections, and since what a person identifies with socially may not match their 
biological sex as represented by their skeleton, this may not be an issue that has a 
solution.  In the past, the sex that one identifies with socially may not effect secondary 
sex characteristics that are displayed on the skeleton.  However, with the improvement of 
technology and medical science, sex reassignment surgeries and hormone therapy are 
now possible and it is not known how such procedures will affect the expression of 
secondary sex characteristics.  In addition, since forensic specialists rely on antemortem 
records for positive identification, it may become an issue if one’s records do not match 
their biology.   
Overall, when a forensic anthropologist is faced with the task of identifying a set 
of human skeletal remains, he or she must work with the tools available to him or her.  
Despite some of the complications inherent in determine sex from skeletal remains, the 
practice is necessary when there are no other methods of gleaning information about the 
decedent in hoeps of positively identifying him or her.  The need for more scientifically 
rigorous methods and studies in areas of forensic anthropology, including sex estimation, 
is real and great effort is being placed into further development of the field.  This thesis 
project seeks to contribute to the literature available on sex estimation and sexual 
dimorphism of the skeleton in order to better understand the human skeleton and 
contribute to the efforts of forensic professionals in identifying missing persons.   
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PREVIOUS RESEARCH 
 
It has been well established that the pelvis and cranium are the best indicators of 
sex and should be used when available (Buikstra and Ubelaker 1994; White and Folkens 
2005).  Due to the fact that complete skeletons with both the pelvis and cranium present 
are rarely recovered, research on the use of postcranial elements as indicators of sex is 
abundant (Iscan and Miller-Shaivitz 1984a, 1984b; Holland 1991; Iscan et al. 1994; 
Safont et al. 2000; Sakaue 2004; Pretorius et al. 2006; Kranioti et al. 2009; Kranioti and 
Michalodimitrakis 2009; Bidmos et al. 2010; Bytheway and Ross 2010; Scholtz et al. 
2010; Spradley and Jantz 2011; Garcia 2012).  Spradley and Jantz (2011) conducted a 
comprehensive analysis to assess the value of the postcranial skeleton in the 
determination of sex, in comparison to the cranium.  Their analysis examined several 
postcranial bones including the clavicle, humerus, tibia, fibula, femur, calcaneus and talus 
from an African American and Caucasian American population.  For the Caucasian 
American population, the radius exhibited the greatest sexual dimorphism and for the 
African American population, it was the humerus.  The humerus in the African American 
population yielded a sexing accuracy of 93.8% and the radius in the Caucasian American 
population yielded an accuracy of 94.3%, both were significantly higher than the 90-91% 
accuracy yielded by the cranium for both populations, and higher than the os coxa in the 
Caucasian American population.  The tibia also yielded a higher accuracy rate than the 
cranium in the Caucasian American population, though it was less accurate for the 
African American population.  The findings from Spradley and Jantz’s study reinforce 
the necessity for further research into sexual dimorphism of the postcranial bones, since 
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they are valuable for identifying the sex of an individual.  Though the use of 
measurements from the tibia did not achieve a higher accuracy in the African American 
population, it still yielded an accuracy of 89.3% indicating the presence of highly 
sexually dimorphic traits and therefore the need for further research investigating the use 
of the tibia for determining sex.   
Spradley and Jantz (2011) also examined univariate sex estimation by examining 
the classification rates for sex estimation using single long bone measurements.  They 
found that the epiphyseal breadth of the proximal tibia yielded the highest accuracy rate 
of 90%.  This indicates that simply by taking a single measurement from the proximal 
tibia, sex can be accurately estimated with a 90% success rate.  Their cross-validated 
classification rates for the tibia resulted in a 91.65% accuracy rate.  From this, the 
proximal tibia clearly has some merit as a sexually dimorphic area of the skeleton.   
Research by other authors has identified the tibia as sexually dimorphic and useful 
in a forensic context (Iscan and Miller-Shaivitz 1984a, 1984b; Holland 1991; Iscan et al. 
1994; Safont et al. 2000; Sakaue 2004; Garcia 2012).  Tibial length and circumference at 
the nutrient foramen level have been identified as significantly sexually dimorphic areas 
(Iscan and Miller-Shaivitz 1984a, 1984b; Iscan et al. 1994; Safont et al. 2000; Garcia 
2012).  Iscan and Miller-Shaivitz (1984) developed several discriminant functions for sex 
identification using measurements from the tibia, one that uses the maximum length of 
the tibia and the circumference at the nutrient foramen level to determine sex.  The use of 
these measurements produced a 78.5% accuracy rate.  An accuracy rate of 90% was 
achieved using the tibial length alone with tibiae from African American females, and 
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accuracy rates of 77% with tibiae from whites and 90% with tibiae from blacks were 
achieved with circumference measurements alone.  This method would not be so useful 
in a fragmentary context since it relies on the entire length of the tibia, though utilizing 
the circumference is useful since it is an easily identifiable landmark and is located on the 
diaphysis which is more likely to survive taphonomic processes.  However, if only the 
diaphysis is recovered, it may be difficult for an anthropologist with less experience with 
fragments to identify the bone cylinder as part of the tibia.    
Garcia (2012) reinforces the findings from Iscan and Miller-Shaivitz by 
demonstrating that sex estimation using the circumference of the tibia at the nutrient 
foramen level is valuable, but should be used along with other sex indicators for the best 
results.  Garcia (2012) examined the nutrient foramen circumference measurements on a 
sample of 160 human tibiae from the Lisbon Collection of Identified Skeletons and 57 
tibiae from the São Martinho medieval archaeological collection from Leira, Portugal.  A 
sectioning point was calculated and classification rates of 78% for the Lisbon Collection 
and 90% for the São Martinho collection were achieved.  In addition, females were 
classified accurately more often than males.  These results are interesting because not 
only does the tibia prove to be useful in sex estimation, but it is also apparent that this 
method is more useful for estimating sex in archaeological populations.  However, it is 
also important to note that Garcia’s archaeological population was much small than the 
modern population which could have affected the results.  Spradley and Jantz (2011) 
reported an accuracy rate of 81% for sex estimation using the nutrient foramen 
circumference on the tibia, which is not very far from the 78% observed by Garcia.  
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Though the populations in these two studies were different, they yielded similar results, 
indicating that the tibia is sexually dimorphic in multiple populations.    
Similarly, Steyn and Iscan (1997) found the tibial epiphyses to be significantly 
sexually dimorphic in a South African white population and were able to create a 
discriminant function using their data.  They conducted a discriminant function analysis 
on a sample of 56 male and 50 female individuals obtained from cadavers, using 
measurements from both the femur and the tibia.  The proximal epiphyseal breadth of the 
tibia yielded a 86.8% accuracy rate alone, while the highest accuracy rate of 90.6% was 
achieved using a combination of the proximal and distal epiphyseal breadth of the tibia, 
and a combination of proximal epiphyseal breadth, anterior-posterior diameter, transverse 
breadth, minimum circumference, and distal epiphyseal breadth of the tibia.  
Measurements from the femur outperformed the tibia in sex estimation, but only with a 
difference of 0.8%.   
Šlaus and Tomičić (2005) took six measurements from the tibia to calculate 
discriminant functions to identify sex using whole or fragmented tibiae.  Their study 
reinforces Spradley and Jantz (2011) and Steyn and Iscan (1997)’s conclusions that the 
proximal tibia is significantly sexually dimorphic.  Their sample included 180 tibiae 
composted of 96 males and 84 females from three archaeological sites in Croatia.  Šlaus 
and Tomičić (2005) observed that the maximum diameter of the proximal epiphysis was 
the most sexually dimorphic of the measurements taken.  In combination with the 
circumference at the nutrient foramen level, the maximum diameter of the proximal 
epiphysis yielded an accuracy rate of 91.7%, indicating the proximal tibia’s significance 
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as a sex identifier.  They note that proximal breadth was more successful at 
discriminating sex than the maximum length of the tibia, which is supported by Spradley 
and Jantz (2011) as well.   
Using a Caucasian American and African American sample, Holland (1991) took 
three measurements of the proximal tibia from 100 individuals in the Hamann-Todd 
collection.  Holland concluded that the biarticular breadth was the most diagnostic of sex, 
surpassing the articular width of the medial condyle and the articular width of the lateral 
condyle with an accuracy rate of 95%.  Again, this supports other studies on the success 
of the proximal epiphyseal breadth in sex estimation (Šlaus and Tomičić 2005; Spradley 
and Jantz 2011).  Even more interesting is that Holland also concluded that the proximal 
tibia can be used without prior knowledge of the individual’s race (Holland 1991), 
indicating that the proximal tibia from Caucasian Americans and African Americans are 
about equally sexually dimorphic; a conclusion that is opposes other studies that state the 
importance of population-specific studies (Buikstra and Ubelaker 1994; Steyn and Iscan 
1997; Iscan et al. 1998; Steyn and Iscan 1999; Steyn et al. 2004; Bytheway and Ross 
2011; Vance et al. 2011).  In addition, Holland (1991) and Šlaus and Tomičić (2005) did 
not use modern populations in their development of sex estimation methods using the 
proximal tibia.  For both of these studies, sex was determined using other methods rather 
from known records.  This could have affected results since there is a possibility that the 
individuals were incorrectly assigned a sex when using other methods.   
While there are numerous studies on the postcrania and sexual dimorphism, few 
include the use of geometric morphometric analyses of the tibia.  Available literature on 
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sexual dimorphism using a geometric morphometric approach include analyses that focus 
on the crania (Benazzi et al. 2009; Bigoni et al. 2010; Hennessy and Stringer 2002; 
Ousley and Kenyhercz 2013; Sholts et al. 2011), mandible (Buck and Vidarsdottir 2004), 
scapula (Scholtz et al 2010), humerus (Bacon 2000; Kranioti et al. 2009), and pelvis 
(Steyn et al. 2004; Pretorius et al. 2006; Bytheway and Ross 2010).  Bytheway and Ross 
(2010) digitized European and African American pelvises to identify the exact landmarks 
on the pelvis that exhibit sexual dimorphism.  Their use of geometric morphometrics also 
allowed them to create a hierarchy for which characteristics carry the greatest value for 
sex determination in the pelvis.  Frelat et al. (2012) digitized 15 epiphyseal landmarks 
and 483 semilandmarks on the tibia to analyze shape variation between Homo sapiens, 
Gorilla gorilla, Pan troglodytes, and Pongo pygmaeus.  They concluded that geometric 
morphometric techniques can be successfully utilized to compare human and non-human 
skeletal morphology, which had previously been approached differently due to the 
varying lengths of the tibia of each species.  Geometric morphometrics allowed for the 
removal of size as a variable to focus on shape differences between species.  Stevens and 
Vidarsdottir (2008) examined the femorotibial joint, analyzing the distal femur and 
proximal tibia in an African American, Caucasian American, and European Spitalfields 
populations to evaluate their use as age indicators.  Although their results supported the 
presence of morphological variation as a result of aging, they also demonstrated that the 
shape differences of joint demonstrated with geometric morphometric analysis attributed 
to sexual dimorphism was greater than that of aging.  Though studies have utilized the 
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tibia in a geometric morphometric study (Stevens and Vidarsdottir 2008; Frelat et al. 
2012), they did not address sexual dimorphism in the tibia. 
The purposes of the present study was to determine whether the shape of the 
proximal tibia contributes to sexual dimorphism and whether it can be useful in assigning 
sex to unknown individuals using geometric morphometrics. 
   
MATERIALS AND METHODS 
 
 
For this project, landmark data was collected from a sample of 200 Caucasian 
American tibiae was analyzed from the William M. Bass Donated Skeletal Collection 
housed at the University of Tennessee at Knoxville in Knoxville, Tennessee (WM Bass 
Donated Skeletal Collection).  This modern skeletal collection consists of the skeletal 
remains of just under 1000 individuals who have been donated to the facility for research 
purposes, or who were received from the medical examiner’s office as forensic cases and 
remain unidentified.  The Bass Collection represents a sample of modern Americans from 
36 states, mostly from Tennessee and Southeastern United States, spanning a wide age 
range.  Since a majority of the collection consists of donated individuals, the age-at-death 
of individuals in the collection skew towards the higher end.  A majority of the 
individuals are of Caucasian American descent, though the collection does include a 
limited amount of African Americans and even fewer individuals of other populations.   
Sex estimation methods are useful in forensic contexts to aid in the identification 
of unknown individuals whose skeletal elements are all that remain.  In order for this 
study to be forensically relevant, a modern skeletal collection must be used in the 
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analysis.  Modern skeletal collections consist of the skeletal remains of individuals who 
died relatively recently during the 20
th
 century.  These individuals are more likely to 
reflect current trends in skeletal development than archaeological specimens.  Collections 
consisting of archaeological samples reflect the skeletal development of ancient 
populations due to factors such as different diets, lifestyles, and health conditions, which 
are very different from the conditions that we live in today.  Especially in the more 
affluent countries, life expectancy, diets, and health have vastly improved which has in 
turn changed the development of our skeletons.  Thus, in order for this study to be 
applicable in a forensic context, the sample that the study is derived from must be similar 
to the population that it will be applied to.  If the tibiae of an archaeological collection 
were to be analyzed, the results would not be applicable to modern populations as it only 
provides information about the archaeological sample.  Data collected from an 
archaeological collection does not provide information about modern people and is 
therefore not forensically relevant.    
Due to the limitations of the collection, only the Caucasian American population 
was used for this study.  The left tibiae of 100 Caucasian American males and 100 
Caucasian American females were digitized using a Microscribe G2X digitizer and the 
Microscribe Utility Software to digitally record the landmark data.  The overall average 
age of the sample was 50.125 years old, with a median age of 50.  For females, the 
average age was 53.92 years and the median age was 54.  For males, the average age was 
46.33 years and the median age was 45 years.  Tables 1-4 and figures 1-4 show the 
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descriptive statistics of the sample used for this analysis, included average ages, median 
ages, and age distributions amongst the male and female specimens. 
 
Table 1. Average and Median Ages of Sample 
 Overall Males Females 
Average 50.125 46. 33 53.92 
Median 50 45 54 
 
Table 2.  Overall Age Distribution of Sample 
Age 20-29 30-39 40-49 50-59 60-69 70+ 
Frequency 6 36 50 61 39 8 
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Figure 1.  Overall age distribution of the sample in bar graph format. 
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Table 3.  Age Distribution of Females 
Age 20-29 30-39 40-49 50-59 60-69 70+ 
Frequency 1 10 17 40 25 7 
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Table 4.  Age Distribution of Males 
Age 20-29 30-39 40-49 50-59 60-69 70+ 
Frequency 5 26 33 21 14 1 
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Figure 2.  Age distribution of females in bar graph format. 
Figure 3.  Age distribution of males in bar graph format. 
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Figure 4.  Age Distribution of Females vs. Males 
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Geometric morphometric analyses utilize landmark data that are recorded from 
the object of study.  These landmarks can be taken in two or three dimensions, thus 
geometric morphometric analyses can be used for both two dimensional and three 
dimensional objects.  In the case of skeletal elements, identifiable landmarks on the bone 
are selected on the basis that these landmarks contribute to the shape of the bone.  These 
landmarks are also replicable so that other researchers can reproduce the results of the 
study using the same landmarks.  Due to the inherent skeletal variation that exists 
between individuals, it is important to select characteristic landmarks that are unique to 
that bone and will occur in the same bone of a separate individual.  Though one tibia may 
be longer or wider than another tibia, both tibiae share specific landmarks (such as the 
intercondylar eminence or tibial plateau) that identify it as a tibia.   
Tibiae exhibiting pathology at the proximal end were excluded because 
pathological activity can obscure or deform the true location of a landmark.  Landmarks 
were obtained using a digitizer and were defined based on the 21 Type I, II, and III 
landmarks presented in Stevens and Vidarsdottir (2008) study of the femorotibial joint 
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(see Figure 5 below).  Type I landmarks are the easiest to locate, defined as points of 
juxtaposition of different tissues.  An excellent example of a Type I landmark would the 
point of intersection between sutures, such as bregma which is defined as the point where 
the coronal and sagittal suture meet.  Type II landmarks are points of maximum curvature, 
such as euryon or auriculare.  Type III landmarks are extreme points of a structure on an 
overall scale.  It is sometimes labeled as the “anteriormost” or “posteriormost” point, 
such as opisthocranion which is defined as the “most posterior point of the skull not on 
the external occipital protuberance” (Buikstra and Ubelaker 1994:72).  During the 
digitizing process, an apparatus was set up consisting of a stand and vice to hold the tibia 
in place.  Due to the triangular shape of the diaphysis, it was necessary to wrap the 
clamped area of the tibia using paper to prevent further movement.  Another researcher at 
the Bass Collection volunteered to measure inter-observer by digitizing 20 randomly 
selected tibiae.  Intra-observer error was measured by re-digitizing 20 randomly selected 
tibiae from the sample.   
The tibial landmarks defined by Stevens and Vidarsdottir (2008) were used as a 
basis for the landmarks selected in this study, with a few alterations.  As pictured in 
Figure 9, the 21 landmarks listed are mostly Type II and Type III landmarks, which are 
not as obvious as the tissue juxtapositions that define Type I landmarks.  A few of 
Stevens and Vidarsdottir’s landmarks are not clearly defined, and the list also seems to 
include a few typographical errors as well.  Landmarks 17 and 19 are very similar in 
description, with the only difference being wording of “articular fibular facet” and “fibula 
facet” respectively.  Both are indicated to be on the medial side of the facet and thus seem 
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to be referring to the same landmark.  Landmark 18 is described as the “deepest point of 
intersection of intercondylar eminence and shaft,” while the description does not seem to 
be problematic, the location of this landmark was unclear.  Stevens and Vidarsdottir did 
not provide a clear indication of where landmark 18 is located in their computer graphics 
indicating the landmarks (Figure 6).  The descriptions of landmarks 20 and 21 are also 
unclear.  Landmark 20 is the “head of the interosseous crest at intersection with tibial 
shelf (medial side)” which does not make sense due to the interosseous crest of the tibia 
being located on the lateral side.  Landmark 21 is the “head of the popliteal crest at 
intersection with tibial shelf (lateral side),” however the exact feature referred to as the 
“popliteal crest” is unclear.  Perhaps the popliteal crest is a different term for the popliteal 
line, but even if that is the case, the popliteal line does not intersect with the tibial shelf.  
The point at which the interosseous crest intersects with the tibial shelf is also debatable.  
Both landmarks 20 and 21 are classified as Type III landmarks, indicating that they are 
points of extremes.  Thus, these two landmarks have been redefined as the maximum 
point of width of the tibial shelf on the medial and lateral side.  Table 5 is the finalized 
list of landmarks used in this geometric morphometric analysis.  
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Figure 5.  Type I, II, and III landmarks taken from Stevens and Vidarsdottir 
(2008:357) 
 
 
 
 
Figure 6.  3D computer generated model of the proximal tibia landmarks (Stevens and 
Vidarsdottir 2008:358) 
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Table 5.  Landmarks on the proximal tibia modified from Stevens and Vidarsdottir 
(2008) 
Number Type Description 
1 I Medial intercondylar tubercle 
2 II Point of intersection of anterior side of the intercondylar eminence 
and medial condyle 
3 II Maximum anterior point on medial condyle 
4 II Maximum posterior point on medial condyle 
5 III Maximum point of width of medial condyle (anterior side) 
6 III Maximum point of width of medial condyle (posterior side) 
7 III Deepest central point on medial condyle 
8 I Lateral intercondylar tubercle 
9 II Maximum anterior point on lateral condyle 
10 II Maximum posterior point on lateral condyle 
11 III Maximum point of width of lateral condyle (anterior side) 
12 III Maximum point of width of lateral condyle (posterior side) 
13 III Deepest central point on lateral condyle 
14 II Point of maximum convexity of tibial tuberosity 
15 III Point on anterior lateral edge of tibial shelf with tibial tuberosity 
16 III Point on anterior medial edge of tibial shelf with tibial tuberosity 
17 II Point of maximum width of articular fibular facet (medial side) 
18 II Point of intersection of posterior side of the intercondylar eminence 
and lateral condyle 
19 III Point of maximum width of articular fibular facet (lateral side) 
20 III Point of maximum width of tibial shelf (medial side) 
21 III Point of maximum width of tibial shelf (lateral side) 
 
Type II and III landmarks are more difficult to locate than Type I landmarks, and 
as a result tend to be high in inter-observer error.  While all landmarks can be subject to 
human error, any extreme point such as maximum width is especially affected and can 
change depending on how the researcher looks at the object being digitized.  For more 
precise measurements, most of the type II and III landmarks were determined 
instrumentally using sliding calipers.  This includes landmarks 3-6, 9-12, 14, and 20-21.  
Landmarks 3 and 4 were measured by placing the ends of the sliding caliper on the 
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anterior and posterior side of the medial condyle and measuring for the points of 
maximum length, which corresponded to the anteriormost and posteriormost projections 
of the tibia.  Landmarks 5, 6, 11, and 12 were located in a similar manner, but with the 
calipers placed on the medial and lateral sides of the tibial plateau to determine the 
maximum width of the proximal tibia.  Landmarks 5 and 6, located on the medial condyle, 
are the anteriormost and posteriormost points of contact with the sliding calipers.  
Landmarks 11 and 12 are the anteriormost and posteriormost points of contact with the 
sliding calipers on the lateral side.  These four points on the proximal tibia can be very 
variable because some tibiae exhibit flatter outer edges at the medial and lateral condyles, 
while some proximal tibiae are rounder.  Landmarks 7 and 13 were estimated by eye and 
using a finger to feel for the deepest central point of the medial and lateral condyles.  
Landmarks 9 and 10 were located in the same manner as landmarks 3 and 4, using the 
sliding calipers to determine the anteriormost and posteriormost points of protrusion of 
the lateral condyle.  Landmark 14 was also determined instrumentally using sliding 
calipers by measuring the highest point of the tibial tuberosity.  Landmark 18 was located 
at the posterior side of the tibia where the intercondylar eminence begins to plateau.  
Prior to digitizing, the location of each individual landmark was marked on the proximal 
tibia in pencil.  Landmark data was recorded into Excel using the Immersion MicroScribe 
Utility Software.   
The software MorphoJ (Klingenberg 2011) was used to conduct Generalized 
Procrustes, principal components, and discriminant function analyses based on landmark 
data measured from the samples.  Studies on sexual dimorphism of the skeleton utilizing 
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geometric morphometric approaches commonly utilize generalized Procrustes analysis in 
conjunction with multivariate statistical methods such as principal components (Bacon 
2000; Bigoni et al. 2010; De Groote 2011), discriminant function analysis (Hennessy and 
Stringer 2002; Scholtz et al. 2010), and a combination of all three (Buck and Vidarsdottir 
2004; Kranioti and Michalodimitrakis 2009).  Other methods have also been used in 
geometric morphometric analyses such as thin-plate splines (Bigoni et al. 2010; Kranioti 
et al. 2009; Scholtz et al. 2010; Steyn et al. 2004) and canonical variates analysis 
(Pretorius et al. 2006).  For the purposes of this thesis, only generalized Procrustes, 
principal components, and discriminant function analyses will be used to examine shape 
differences of the proximal tibia between males and females.   
Bones are not always in the best preservation state, and it is not unusual to 
encounter a bone missing landmarks necessary for a geometric morphometric analysis.  
Factors such as pathology or age can attribute to areas of abnormal bone growth or loss, 
which can obscure the location of a landmark necessary for analysis.  The proximal tibia 
is no exception, especially since it is the location of a joint, susceptible to common joint 
diseases such as osteoarthritis.  Osteoarthritis has been noted to be prevalent in older 
individuals, with the knee joint being the most common site of occurrence (Ortner 
2003:545-558).  As the Bass Collection is skewed towards older individuals, the 
likelihood of encountering missing landmarks is very high.  The MorphoJ software 
allows samples with missing landmarks to be included in the analysis despite the missing 
information.   
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Generalized Procrustes Analysis 
 
Geometric morphometric analyses are based on shapes of objects, which are in 
turn defined by the configuration of landmarks selected by the scientist.  When recording 
these landmarks, shape is not the only information recorded.  Other variables such as size, 
orientation, position, and scale are also inherent in the recorded dataset.  In order to focus 
on the shape of an object, all other variables must be removed.  Placing the digitized 
object in the same exact location and orientation can decrease the effect of orientation, 
but in reality, it is difficult to place every single object in the same exact position every 
time.  Humans are prone to error and the larger the sample size, the higher the chance of 
error.  Fortunately, generalized Procrustes methods allow landmark data to be corrected 
for orientation, size, and location differences between each object.   
A generalized Procrustes analysis superimposes each set of 21 proximal tibia 
landmarks on to each other to correct for orientation, size, and location differences 
between each tibia.  This step is necessary due to the nature of the digitizing process.  In 
order to accurately assess and compare the morphological shape of the tibiae, each set of 
landmarks associated with an individual tibia must be placed on the same plane.  To 
achieve this task, each set of landmarks is scaled to a common centroid size, and data 
points are translated and rotated from its original coordinates into a common coordinate 
space.  This common space is called Kendall’s shape space, where shape data exists 
without the interference of other variables.  This analysis will also convert the landmark 
data into geometric coordinates that can be used for statistical analyses.   
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Figure 7.  An illustration of the generalized Procrustes analysis depicting three objects 
defined by three sets of landmarks before superimposition (a), the objects after 
translation (b), followed by rotation (c), and finalized by scaling (d).  Image is taken 
from McKeown and Schmidt (2012). 
To scale each set of landmarks, the common centroid size is determined.  A 
centroid is the center of gravity of an individual set of landmarks, and can be determined 
by a calculation of the average x and y coordinates of all the landmarks or calculating the 
square root of the sum of squared distances between landmarks divided by twice the 
number of landmarks.  To superimpose the landmarks, the generalized Procrustes method 
will scale the landmarks to a centroid size of 1.  Translation, moving each landmark of 
one object in the same distance and direction, is achieved by shifting the centroid 
coordinates of each set of landmarks to the coordinates (0,0).  Rotation of each set of 
landmarks occurs around the centroid for an overall best fit.  Figure 7 illustrates the 
process of a generalized Procrustes analysis. 
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Once all these steps are completed, the final position of the landmarks will reflect 
information about shape.  The resulting graph showing superimposition of the entire 
sample of landmarks can be used to determine the Procrustes distance, which measures 
the difference in shape between each individual sample.  Procrustes distance is defined as 
the square root of the sum of squared distances of a landmark and all its corresponding 
points in the other individuals of the total sample, and it must follow Procrustes 
superimposition.  For example, landmark 1 of all 200 digitized tibiae will be squared and 
summed, and the square root of this sum is the Procrustes distance for landmark 1.   
 
Principal Components Analysis 
A principal components analysis (PCA) was used to examine overall variations 
between males and females in the sample of 200 Caucasian American tibiae.  PCAs 
require the use of covariance matrices, which was generated prior to running the PCA.  
Covariance matrices describe the variation or dispersion of each set of landmarks around 
the mean, and allow for examining relationships of shape features between different sets 
of landmarks.  PCA is useful for visualization of the variation between groups via scatter 
plots.  The collected data is transformed and plotted in terms of its principal components 
by removing possible correlations that may exist between the variables in the data.  A 
principal component is essentially a best fit line that represents the maximum variance of 
the data.  The first principal component represents the highest variance, and the 
remaining variances are plotted by subsequent principal components until all the variance 
in the data is accounted for.  The resulting distribution contains data points that are 
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uncorrelated with each other and expresses variation in the sample.  Following a PCA, 
each set of landmarks taken from the 200 tibiae were represented as single data points 
(PC scores) and plotted on an x- and y-axis, the principal components axes, to illustrate 
variation within the entire sample.  The first few principal components will account for 
the most variance in the data.  In addition, PCA can provide information on which shape 
changes contribute the most or least to overall variation, and which features are more 
prone to variation.  
The scatter plots generated from a principal components analysis will show 
clustering of data points representing the digitized individuals.  If the shape of the 
proximal tibia is sexually dimorphic, the scatter plot is expected to show two distinct 
clusters of points representing males in one cluster and females in one cluster.   
 
Discriminant Function Analysis 
A discriminant function analysis was conducted to determine the accuracy in 
differentiating males and females via shape of the proximal tibia.  Discriminant function 
analyses have the ability to differentiate groups based on the variables that contribute 
most to variation, assuming that the sample is normally distributed.  Due to its utility for 
separating groups, discriminant function analyses are frequently used for sex estimation 
and many methods have been developed using this type of analysis to generate formulas 
for estimating sex (Moore 2013).  The program FORDISC is commonly used in forensic 
anthropology for sex, stature, and ancestry estimation based on cranial and postcranial 
measurements and their respective discriminant functions.  Statistical packages 
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commonly used by scientists, such as SPSS and SAS, include discriminant function 
analysis, which is an indication of the wide use of this type of analysis.  Discriminant 
functions such as the ones used in FORDISC are developed by taking measurements in a 
documented sample.  Statistical analysis identifies the function that best separates the 
groups that are represented in the data.  It focuses on the landmarks that exhibit 
maximum variation between groups.  In this case, the analysis will identify which 
landmarks contribute to sexual dimorphism and generate a function utilizing the group 
centroid size for predicting sex from the proximal tibia.  This function can then be 
applied to an unknown specimen and predict to which group the unknown specimen 
belongs.  In the case of geometric morphometrics, the MorphoJ program generates the 
discriminant function from the centroid size of the entire sample and checks the function 
by applying it to the same sample.  This has been noted to inflate accuracy rates since the 
function is being tested on an individual who is included in the sample that it was 
originally developed from. 
A solution to this issue is to cross-validate the discriminant function against the 
sample of known individuals.  Cross-validation will generate success rates of the 
discriminant function by leaving one individual out of the discriminant function analysis, 
generating a function from the remaining individuals in the sample, and then applying the 
function to the individual that was left out of the analysis.  Since that one individual was 
not included in the development of the discriminant function, when the function is 
checked, the results are truly reflective of whether or not it works against an unknown 
individual.  This process is repeated for each individual in the sample.  Accuracy rates are 
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generated that indicate how well the function works on the sample that it was developed 
from, and will provide information about its performance.  For this study, the results of 
the cross-validation will measure how well the discriminant function can identify male 
and female individuals by testing it on the sample of modern tibiae of known individuals 
digitized from the Bass collection.  
   
RESULTS 
 
 
Generalized Procrustes, principal components and discriminant function analyses 
were conducted using the MorphoJ software. Figures 8 and 9 show the collected data 
after generalized Procrustes analysis in superior view and an angled posterior view 
respectively.  The labeled blue points represent the centroid of the corresponding 
landmark while the scattered black points are the landmarks gathered from the tibiae.  
The Procrustes sum of squares was reported to be 111.075.  This indicates that the 
average distance between points of one landmark (i.e. all the points collected for 
landmark 1, all the points collected for landmark 2, and so on) was 111.075. 
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The results of the principal components analysis yielded 56 principal components 
responsible for 100% of the variation exhibited by the proximal tibia.  This also indicates 
that there are 56 variables affecting the shape of the proximal tibia, as the number of 
Figures 8-9.  Superior (top) and an angled posterior (bottom) view of the digitized proximal 
tibia landmarks, respectively.   
40 
principal components is correlated to the number of variables. The total variance in the 
data set is 0.0864, indicating a small variance.  Figure 10 is the lollipop graph generated 
from the principal components analysis showing shape changes.  In a principal 
component analysis (PCA), variance is described in terms of principal components, and 
each principal component is numbered in order of decreasing variance.  The first 
principal component (PC1) accounts for the most variation in the sample, and the 
principal components following the first account for the rest of the variation in decreasing 
order (i.e. PC2 will explain a higher percentage of variation than PC3, PC3 will be higher 
than PC4, and so on).  The analysis indicated 56 principal components, meaning that 
there are variances that exist in 56 different dimensions in the data.  Table 6 lists the 
eigenvalues generated by the principal components analysis, the corresponding principal 
components, and the percent variance of each principal component.  Figure 11 is the 
corresponding scree plot of the percent variance and principal components.  As exhibited 
by figure 11, the decrease in percent variance is gradual with the drop between principal 
component 1 and principal component 2 exhibiting the largest difference.  PC1 
contributes to 54.84% of the total variance in the sample, while the second principal 
component contributes to 8.466% of the total variance.  MorphoJ can generate scatter 
plots for any two combinations of the 56 principal components, but since the first few 
principal component account for the most variance in the entire sample, discussion of 
results will focus on the first few principal components. 
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 The lollipop graph shown in figure 10 shows the shape changes attributed to 
principal component 1.  Each point represents a landmark on the proximal tibia, with the 
line representing the mean distance and thus the amount of variation exhibited at that 
location.  All 21 landmarks exhibit some level of variation, with landmarks 11 (maximum 
point of width of lateral condyle (anterior side)) and 12 (maximum point of width of 
lateral condyle (posterior side)) being the most prominent.  Landmarks 4 (maximum 
posterior point on medial condyle), and 7 (deepest central point on medial condyle) 
exhibit little to no variance between males and females, while the rest of the landmarks 
exhibit a moderate amount of variance.   
 
 
Figure 10.  Lollipop graph visualizing shape changes of the first principal component 
(PC1).  The lines represent mean distances between points. 
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PC 
Eigenvalue
s 
Percent 
Variance 
Cumulative 
% PC Eigenvalues 
Percent 
Variance 
Cumulative 
% 
1 0.04736853 54.84 54.84 29 0.00026583 0.308 96.995 
2 0.00731266 8.466 63.306 30 0.00024305 0.281 97.276 
3 0.00588572 6.814 70.12 31 0.00021397 0.248 97.524 
4 0.00440127 5.096 75.216 32 0.00020492 0.237 97.761 
5 0.00178871 2.071 77.287 33 0.00019458 0.225 97.986 
6 0.00175063 2.027 79.313 34 0.00017805 0.206 98.193 
7 0.00142121 1.645 80.959 35 0.00016451 0.19 98.383 
8 0.00126718 1.467 82.426 36 0.00014757 0.171 98.554 
9 0.00117286 1.358 83.784 37 0.00013247 0.153 98.707 
10 0.00114168 1.322 85.106 38 0.00012396 0.144 98.851 
11 0.00103578 1.199 86.305 39 0.00011758 0.136 98.987 
12 0.00101184 1.171 87.476 40 0.00009787 0.113 99.1 
13 0.00081316 0.941 88.418 41 0.00009538 0.11 99.211 
14 0.0007552 0.874 89.292 42 0.00008305 0.096 99.307 
15 0.00070132 0.812 90.104 43 0.00008111 0.094 99.401 
16 0.00065779 0.762 90.865 44 0.00006989 0.081 99.482 
17 0.00058988 0.683 91.548 45 0.00006231 0.072 99.554 
18 0.00054526 0.631 92.18 46 0.00005776 0.067 99.621 
19 0.00052181 0.604 92.784 47 0.00005334 0.062 99.682 
20 0.00048506 0.562 93.345 48 0.0000452 0.052 99.735 
21 0.00045067 0.522 93.867 49 0.00004186 0.048 99.783 
22 0.00043637 0.505 94.372 50 0.00003997 0.046 99.829 
23 0.0004097 0.474 94.847 51 0.0000351 0.041 99.87 
24 0.00037599 0.435 95.282 52 0.00003349 0.039 99.909 
25 0.00033639 0.389 95.671 53 0.00002585 0.03 99.939 
26 0.00030791 0.356 96.028 54 0.00002486 0.029 99.968 
27 0.00028729 0.333 96.36 55 0.0000183 0.021 99.989 
28 0.00028223 0.327 96.687 56 0.00000972 0.011 100 
 
 
 
 
 
Table 6.  Table of eigenvalues, percent variance, and cumulative percents of each 
principal component.  The percent variance represents the percentage of variance 
represented in the corresponding principal component, while the cumulative 
percentage represents the amount of variance accounted for in the corresponding 
principal component and all the ones preceding it.   
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As exhibited by the table of eigenvalues (Table 6), 100% of the variance in the 
sample of male and female tibiae are explained by 56 principal components, but the 
differences between one principal component to the next is small, with the exception of 
PC1 and PC2.  As mentioned earlier, the total variance in the sample is only 0.0864, 
suggesting that the data collected from the 200 tibiae are not very differentiable as the 
scatter plot in figure 12 more clearly depicts. 
 
 
 
 
 
Figure 11.  Scree plot showing the amount of variance explained by each principal 
component. 
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 In figure 12, the red points are females and blue points are males.  Scatter plots 
provide information about how similar objects are based on the closeness of two points.  
This plot looks at shape as the variable being examined between males and females in the 
Bass collection.  If males and females can be successfully differentiated by shape 
differences of the proximal tibia, two separated clusters would be expected since males 
with similar morphological shape are expected to be clustered closer together and the 
same for females, but in different locations on the plot.  However, in this case, we can see 
that the males and females overlap rather than differentially cluster.  The blue points 
representing males are spread out over a slightly larger area than females, indicating a 
Figure 12.  PCA scatter plot of male and female individuals from the Bass collection 
along the PC1 and PC2 axes.  Females are represented in red, and males are represented 
in blue. 
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Figure 13.  Wireframe graphs representing the average shape of male (left) and 
female (right) proximal tibiae.  Only landmarks that illustrated shape were linked.   
greater amount of variance in males than in females.  This suggests that shape variation 
may not be useful in differentiating males and females.   
Wireframe graphs (figure 13) were constructed to further visualize the shape 
differences between male and female tibiae.  The wireframes illustrate the average shape 
of the proximal tibia for males and females, with lines connecting the landmarks.   
 
 
 
To construct these wireframe graphs, the male and female samples were analyzed 
separately in MorphoJ.  Generalized Procrustes and principal components analyses were 
conducted on the two separate datasets.  Using the resulting PCA graphs, wireframes can 
be constructed within the MorphoJ program by connecting landmarks.  The dark blue 
wireframe represents the average shape in males (left) and females (right).  The light blue 
wireframe represents intra-group variation.  In females, landmarks 11 and 12 are located 
more laterally, indicating a more elongated shape that stretches laterally.  Landmarks 14, 
15, and 16 represent the tibial tuberosity and appear to be situated closer together, making 
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the tibial tuberosity narrower than in males.  This also contributes to the overall size of 
the tibial tuberosity appearing smaller in females than in males.  Landmark 18 (point of 
intersection of posterior side of the intercondylar eminence and lateral condyle) is 
situated more posterior and medially in males than in females.  The wireframe formed 
from intra-group variation shows that landmarks 11 and 12 are the most varied within 
both groups. 
To further explore shape variation as sexually dimorphic, the discriminant 
function analysis will examine the utility of shape in differentiating sex.  A discriminant 
function analysis utilizes centroid sizes to separate two groups, males and females, 
without overlap so that individuals can be allocated into either category.  Tables 7-8 show 
the accuracy rates of the generated discriminant function and figures 14-15 show the 
graphical representation of the analysis.  This analysis creates a function that can be 
applied to an unknown individual and classified accordingly as male or female.  With the 
data collected from the Bass collection, a discriminant function was generated by the 
software that classifies individuals as female if the result of the function is below zero 
and male if above zero.  Classification from the discriminant function yielded a total 
accuracy rate of 75.0%, a 77.0% accuracy rate for females and a 73.0% accuracy rate for 
males.   
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Classification from discriminant function 
 Allocated to   
True Group Female Male Total Accuracy (%) 
Female 77 23 100 77.0 
Male 27 73 100 73.0 
Total   200 75.0 
 
Classification from cross-validation 
 Allocated to   
True Group Female Male Total Accuracy (%) 
Female 59 41 100 59.0 
Male 43 57 100 57.0 
Total   200 58.0 
 
 
 
 
Table 7-8.  Accuracy rates generated from discriminant function and cross-validated 
discriminant function respectively. 
Figure 14-15.  Bar graph representation of the discriminant function analysis (top) 
and the cross-validation (bottom).  The red bars represent females, with discriminant 
scores situated below zero.  The light blue bars represent males, with discriminant 
scores situated above zero.  The darker blue bars represent overlapping between 
males and females. 
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Statistics generated from the discriminant function analysis are presented in table 
9.  The Procrustes distance, a measurement of absolute amount of shape variation, is 
reported as 0.0315 which indicates that the mean distance between two individuals is 
small and thus the variation in shape between any two individuals of the sample is small.  
Mahalanobis’ distance (D2) is a measurement of the standard distance between the 
separated groups that indicates the distance to the centroid of each group.  Larger D
2
 
values reflect greater separation between groups.  In this study, the D
2
 is reported as 
1.5567 which is the distance between the centroid of the male group and the female group 
in the collected data.  As shown in figure 14, this distance is insufficient for the 
discriminant function analysis to force a complete separation between male and female 
tibiae, resulting in a considerable overlap between the two.  The D
2
 value is low, which 
reflects the results of the principal components analysis indicating a low instance of 
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separation between males and females.  The Hotelling’s T (T2) value of 121.1583 and the 
p-value is 0.0184.  This indicates that the results of the discriminant function analysis are 
statistically significant at a p-value of 0.0184, indicating that the shape of the proximal 
tibia is sexually dimorphic.  
Table 9.  Statistical results from discriminant function analysis 
Procrustes distance:  0.03152851 
Mahalanobis distance (D
2
):  1.5567 
T-square:  121.1583,   P-value (parametric): 0.0184 
 
Although the discriminant function analysis confirms sexual dimorphism at the 
proximal tibia, the accuracy rates suggest that separation between males and females is 
only moderately successful.  Furthermore, the cross-validated discriminant function 
analysis reveals much lower accuracy rates.  Cross-validated accuracy rates reveal that 
males and females are successfully separated 58.0% of the time.  Females are slightly 
more successful with an accuracy rate of 59.0%, while males have an accuracy rate of 
57.0%.  The cross-validated discriminant function correctly classified females 59% of the 
time and males 57% of the time.  Since the cross-validated analysis accounts for bias of 
classifying an individual that was part of the sample that generated the function, the 
cross-validation accuracy rates are considered more reliable than the normal discriminant 
function.  Overall, the discriminant function was more successful at classifying females 
than males.  The results of the cross-validation indicate that the initial discriminant 
function developed in the analysis was inflated and does not accurately reflect the true 
separation of proximal tibia morphology of males and females.  These results indicate 
that the shape of the proximal tibia does exhibit sexual dimorphism, though the 
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discriminant function developed from this sample may not be particularly useful for 
estimating sex. 
 
Inter- and Intra-Observer Error 
 
 Inter- and intra-observer errors were evaluated using Procrustes ANOVA in the 
MorphoJ software.  While at the University of Tennesse at Knoxville, I was fortunate 
enough to have other researchers present to assist me with inter-observer error.  Twenty 
tibiae (10 male and 10 female), constituting ten percent of the sample, were randomly 
selected and digitized by a volunteer researcher with no prior experience in using a 
MicroScribe digitizer to digitize skeletons.  Only vague instructions and a list of 
landmarks were given to the volunteer in order to prevent my own methods from 
affecting her interpretation of the landmarks.  For intra-observer error analysis, 20 tibiae 
(10 male and 10 female) were randomly chosen from the sample to be re-digitized.  
Similarly, 20 tibiae (10 male and 10 female) were randomly selected and digitized by 
another observer for inter-observer error analysis.  The results of the Procrustes ANOVA 
are presented in tables 10 and 11 below.   
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Table 10.  Procrustes ANOVA table for intra-observer error 
Centroid Size 
Effect SS MS df F P 
Individual 7.338 x 10
8
 3.862 x 10
7
 19 36.39 <.0001 
Observer 2.122 x 10
7
 1.061 x 10
6
 20   
 
Shape 
Effect SS MS df F P 
Individual 4.096 x 10
-1
 3.850 x 10
-4
 1064 2.49 <.0001 
Observer 1.732 x 10
-1
 1.546 x 10
-4
 1120   
Table 11.  Procrustes ANOVA table for inter-observer error 
Centroid Size 
Effect SS MS df F P 
Individual 2.489 x 10
8
 1.310 x 10
7
 19 1.00 0.5012 
Observer 2.629 x 10
8
 1.314 x 10
7
 20   
 
Shape 
Effect SS MS df F P 
Individual 3.798 x 10
-1
 3.569 x 10
-4
 1064 1.21 0.0008 
Observer 3.301 x 10
-1
 2.948 x 10
-4
 1120   
  
Comparison of the means square data reveal that inter-observer has a greater 
effect than intra-observer error.  In these tables, “individual” refers to the individual 
variation exhibited in the sample while “observer” refers to the variation caused by 
digitizing error.  In the case of intra-observer error, “observer” is the error between 
repeated measurements (or in this case, digitization) by the same observer.  For inter-
observer error, “observer” is the measurement error between two separate observers.  
Meaning from these numbers can be gained by comparing the means squared values, 
which express the expected deviation of each individual from the average.  For intra-
observer error, the observer means square is lower than the individual means square, 
indicating that digitizing error is less than error from biological variation of the individual.  
Thus, intra-observer error does not have a significant effect on centroid size nor shape.  
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For inter-observer error, the observer mean square is slightly higher than the individual 
means square for centroid size, while the observer means square is lower than the 
individual means square for shape.  This indicates that inter-observer error has an effect 
on centroid size, but not shape.   
Error can be attributed to the interpretation of landmarks by different observers.  
In their study of inter-observer variation, Adams and Byrd (2002) observed variations in 
postcranial skeletal measurements between forensic anthropologists with differing levels 
of experience.  They found that the pubis length to be the most variable measurement and 
attribute it to the difficulty in locating the landmark in the acetabulum that is required for 
the measurement.  Other observed errors are attributed to unfamiliarity with landmarks or 
misunderstanding of the measurement description.  The higher rate of inter-observer error 
found in this geometric morphometric analysis of the proximal tibia can be explained by 
these same factors.  The volunteer who participated in my research had no previous 
experience with digitizing skeletons.  In addition, the digitizing process can be difficult 
initially and requires more practice before one is comfortable with the method.  Since the 
tibia must not have moved positions in-between digitizing landmarks, the slightest 
movement that displaces the tibia from its original spot requires one to start over.  In 
addition, it can be difficult to hold the stylus to a landmark without moving or damaging 
the bone.  On rounder surfaces, the stylus is also prone to slipping away just as the button 
is pressed to record the coordinates of that landmark.  These problems may have 
attributed to both inter- and intra-observer error.  Prior to arriving at the Bass Collection 
to collect data for this project, I had practiced digitizing tibia for a length of time.  I 
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arrived with some experience using a digitizer, and after digitizing the initial 200 tibiae, 
my own skill with the digitizer improved which may have attributed to the high instance 
of intra-observer error as well.   
The tibia is especially infamous for having high measurement error due to 
different interpretations of measurement by observers (Jantz et al. 1944, 1995; Adam and 
Byrd 2002; Waxenbaum et al. 2010).  Although geometric morphometrics does not 
utilize the same methodology, the process of paying attention to and locating relevant 
landmarks on the bone is similar for both metric analyses and geometric morphometric 
analyses.  Though misidentification of landmarks in this study were minimized by using 
calipers to measure out type II and type III landmarks, instrument error may still 
contribute to overall error. 
Another note of consideration for inter- and intra-observer error is the “Pinocchio 
effect” (Von Cramon-Taubadel et al. 2007).  The Pinocchio effect is the phenomenon of 
landmark error being distributed across the entire shape configuration as a result of the 
algorithm conducted by a generalized least-squares procedure such as the generalized 
Procrustes analysis used to remove size as a variable in the data. Landmark error is 
distributed such that variance around highly precise landmarks increase while variance 
around less precise landmarks decrease.  Thus, the overall error is minimized, decreasing 
the impact of observer error.  While the Procrustes ANOVA conducted in this study 
suggest that intra-observer error is not a significant issue and that inter-observer error 
may be problematic, it may be important to keep in mind that the Pinocchio effect may be 
understating these results.  Von Cramon-Taubadel et al. (2007) suggest using a partial 
54 
superimposition method as an alternative to evaluating observer error, which may be 
useful in future studies. 
 
DISCUSSION 
 
 
The results from this study suggest that the proximal tibia is sexually dimorphic in 
size and shape.  A generalized Procrustes analysis allowed for the removal of size as a 
variable.  Principal components analysis revealed considerable overlap between male and 
female tibial shape, with the most variation occurring on the lateral condyle.  
Discriminant function analysis successfully separated males and females with an overall 
accuracy rate of 75% while the cross-validation yielded an overall accuracy rate of 58%.  
This supports previous research of authors such as Spradley and Jantz (2011), Holland 
(1991), and Šlaus and Tomičić (2005) who demonstrated that the proximal tibia is a 
sexually dimorphic element that can be used to successfully discriminate sex with metric 
methods.  However, based on the finding that the shape of the proximal tibia yields a low 
accuracy rate in separating males and females, these types of studies utilizing metric 
methods to estimate sex are reliant on size differences.  For example, measurements from 
the proximal tibia yielded accuracy rates of accuracy rates of 88-95% in Holland (1991).  
Similarly, Spradley and Jantz (2011) achieved an accuracy rate of 88.6-91.7%, Steyn and 
Iscan (1997) achieved accuracy rates of 83.9-90.0%, and Šlaus and Tomičić (2005) 
achieved accuracy rates of 81-92%.  All of the reported success rates are much higher 
than the rates achieved by the discriminant function analysis (73-77%) and the cross-
validated discriminant function generated from shape variables in this study (57-59%).  
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Spradley and Jantz (2011) also used a Caucasian American population from the Bass 
collection in their study, but their accuracy rate for sex estimation using the proximal 
epiphyseal breadth of the tibia is much higher than the rate produced for shape in this 
analysis.  Thus, size variation is a more accurate variable for discriminating between 
male and female individuals despite the problems inherent in using size dimorphism as a 
means of sex estimation.   
Considered separately, it appears that size has a greater contribution to sexual 
dimorphism than shape, though the relationship between shape and size, and how these 
variables affect the proximal tibia has not been well studied.  As discussed earlier, the 
metric sex estimation methods using the proximal tibia have been researched, and this 
current paper analyzes the effect of shape on sexual dimorphism of the proximal tibia.  
However, no research has been conducted on how size and shape correlate, whether size 
significantly affects shape of the tibia and how that may affect sex estimation efforts.  
The principal components analysis revealed that the lateral side of the proximal tibia 
exhibits the greatest amount of shape variation, which may correspond to the results of 
previous studies that indicate the proximal epiphyseal breadth as the most sexually 
dimorphic measurement on the tibia.  The lateral side of the proximal tibia contributes to 
the overall measurement of the proximal epiphyseal breadth, though only the lateral side 
exhibits a large amount of shape variation and not the medial side.  The interaction 
between size and shape may be correlated to the high sex estimation accuracy rates other 
studies have yielded from measurements of the proximal epiphyseal breadth.   
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 In their paper discussing shape changes of the distal femur and proximal tibia due 
to age, Stevens and Vidarsdottir (2008) briefly examined the effect of sex on shape of the 
proximal tibia.  Using a principal components analysis, they demonstrated significant 
separation between males and females in the first principal component, with PC1-54 
explaining 63.84% of variation.  The exact percentage of variation explained by PC1 is 
not stated.  In the current study, the first two principal components explained 63.306% of 
shape variance, utilizing less principal components than Stevens and Vidarsdottir.  A total 
of 56 principal components explained 100% of the variance in the samples from the Bass 
Collection.  Stevens and Vidarsdottir did not state the total amount of principal 
components generated in their study.  If the first 54 principal components explained 
63.84% of variation, then it is likely that the total number of principal components in 
their study exceeds the amount yielded in the current study (56).  This indicates that the 
sample in Stevens and Vidarsdottir study exhibited more variables affecting shape 
morphology of the proximal tibia.  However, their study also used age as a variable 
which may explain the difference between their study and the current study.  Few data 
from their principal components analysis for sex is included in the publication and it is 
thus difficult to evaluate how Stevens and Vidarsdottir interpreted their results.   
Stevens and Vidarsdottir (2008) reported the tibial tuberosity to have a relatively 
greater length in males than in females, exhibiting the greatest variance.  This result does 
not correspond to that of the current study, which showed the most variation at landmarks 
11 and 12, the lateralmost points of the lateral condyle.  However, the shape of the tibial 
tuberosity in females appears to be narrower as a result of landmarks 14-16 being located 
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closer together.  In comparison to the shape variation exhibited by landmarks 11 and 12, 
the variation exhibited by the tibial tuberosity in the current study is small.  They also 
noted that the posterior side of the tibial plateau projects more posteriorly in males than 
in females.  In the principal components analysis of the current study, landmark 18 (point 
of intersection of posterior side of the intercondylar eminence and lateral condyle) was 
shown to project more posteriorly in males as well, thus corresponding to the study by 
Stevens and Vidarsdottir (2008).   
A factor that can contribute to the shape of the proximal tibia is age.  Stevens and 
Vidarsdottir (2008) found that increasing age does contribute to shape changes, but 
concluded that these shape changes were less significant than the shape differences 
attributed to sexual dimorphism.  They attributed the age related changes to loss of bone 
mass and density that occurs with early stages of osteoarthritis, and decline in muscle 
strength and balance in the lower limb which increases the load that the tibia must bear.  
Osteoarthritis is found frequently in older individuals due to multiple factors, including 
biomechanical stress and trauma (Ortner 2003:546-549; Aufderheide and Rodriguez-
Martin 1998:93-96).  Though pathological tibiae were excluded from the sample in the 
current study, early onset of osteoarthritis is difficult to detect and individuals may have 
been included in the sample of digitized tibiae.  The Bass Collection is also a donated 
skeletal collection, and as a result is skewed towards older individuals.  The collection 
itself contains a greater number of older individuals, which resulted in the average age of 
50 years in the sample used for this study.  There was difficulty finding older individuals 
whom did not exhibit significant pathology, and it was necessary to include them in this 
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study for a representative sample.  There were a few without significant pathology, but 
many exhibited damage at pertinent landmarks and therefore could not be digitized.  
Fortunately, MorphoJ accounts for missing landmarks, thus the presence of missing 
landmark data did not interfere with analysis.   
Komar and Grivas (2008) discuss the inherent biases of collections that consist of 
unclaimed bodies from coroner and medical examiners.  They examined the documented 
skeletal collection at the Maxwell Museum in New Mexico, which consists of donated 
remains and unclaimed remains from the Office of the Medical Investigator.  By 
comparing the Maxwell collection to the living population of New Mexico, they 
concluded that these collections significantly over represent Caucasian Americans and 
males because they are the ones who tend to die of unnatural deaths, as well as the elderly 
who die of natural causes.  In addition, since the identities of those skeletons donated by 
the medical examiner or coroner are usually unknown, sex, age, and ancestry are 
determined using other methods rather than self-reports.  Often, pathologists are the 
individuals who record sex, age, and ancestry prior to giving the skeletal remains to the 
collections.  While biological sex is a more straight-forward category, ancestry is difficult 
to determine by just physical appearance.   
Both the Maxwell collection and Bass collection are skewed towards older 
individuals, and the current study represents a population with an average age of 50 years.  
By using the Bass collection, the results of the current study are representative of the 
population found in that collection.  Although individuals from all age categories were 
included in this study, the greater availability of middle and older aged individuals 
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affected formation of the sample.  As a result, the results of the current study may not 
accurately reflect modern Caucasian American populations.  Since age has an affect on 
the shape of the proximal tibia, separation between males and females based on tibial 
shape may yield different results in a sample of younger individuals.  More research 
utilizing modern populations with a larger sample encompassing a more diverse age 
distribution would be beneficial.  Additional research using different populations will 
also further contribute to literature on the proximal tibia as a sexually dimorphic element 
across populations.   
In addition to age, sex and ancestry, the biomechanics of bone affect shape, and 
thus the shape of the tibia is affected by the various forces that act on it on a regular basis.  
Bone is a viscoelastic material, meaning that it deforms in response to force.  Bone will 
respond to slow-loading forces by entering an elastic phase that changes the initial shape 
of the bone.  If the force is removed while the bone is still in the elastic phase, the bone 
will return to its original shape.  However, if the force acting on the bone remains long 
enough to exceed the yield point, it will enter the plastic deformation phase and be 
permanently altered.  Once bone has entered the plastic deformation phase, it no longer 
has the ability to return to its original shape.  Thus, it is to be expected that the shape of 
the tibia will change with increased load. 
As the location of a prominent joint, the proximal tibia experiences significant 
amount of action in addition to its role as a weight-bearing bone.  The proximal tibia also 
contains the attachment sites of muscles and ligaments, such as the popliteus muscle that 
inserts at the proximal posterior aspect of the tibia.  As discussed earlier, the tibial 
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tuberosity exhibited the most variation between males and females in the principal 
components analysis, and Stevens and Vidarsdottir (2008) also noted the same 
observation in addition to the posterior aspect of the proximal tibia also being highly 
variable between males and females.  This may be explained by the soft tissue acting on 
the bone, since both locations serve as muscle attachment sites.  As such, movement of 
the lower limbs will have an effect on the morphology of the bone.  The tibial tuberosity 
is the attachment site of the patellar tendon which connects several muscles of the lower 
limb responsible for leg movements.  Repeated action of these muscles can affect bone 
and is believed to leave stress markers, known as musculoskeletal markers or entheses.   
Musculoskeletal stress markers are the pronounced skeletal landmarks on bones 
responsible for movement that serve as attachment sites of muscles.   Long term 
repetitive movements and activity of the muscles, tendons, ligaments, and cartilage 
associated with these sites will cause the site to become more pronounced due to stronger 
attachment to the bone.  Musculoskeletal stress markers were initially used for ancestry 
estimation before it was discovered that differences in rugosity of certain landmarks 
could be related to muscle action, though it is noted that ancestry may affect 
musculoskeletal markers, along with age, sex and endocrine factors (Reichs 1998).  The 
development of musculoskeletal markers is attributed to increased mechanical load, 
which increases osteoblastic activity at a rate faster than osteoclasts can remove bone.  
The actual mechanism has not been agreed upon, with some citing Wolff’s law which 
states that bone morphology will adapt to the forces acting upon the bone, and some 
attributing it to the accumulation of microtrauma and inflammation of bone.  Milella et al. 
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(2012) examined the effects of age, sex, and physical activity on musculoskeletal markers 
in a modern Italian population.  Musculoskeletal markers on the tibia were scored, as well 
as on the clavicle, humerus, scapula, radius, ulna, femur, patella, and calcaneus.  They 
concluded that age and sex were the primary factors influencing the robusticity exhibited 
by the musculoskeletal markers, rather than physical activity.  Thus, it is suggested that 
the robusticity of musculoskeletal markers such as the tibial tuberosity have a correlation 
with sex, which can ultimately affect the overall shape of the proximal tibia since the 
tibial tuberosity was included in the set of landmarks in the current study.   
In examining the proximal tibia, the landmarks used in the current study included 
the tibial tuberosity, following the landmarks defined by Stevens and Vidarsdottir (2008).  
These 21 landmarks were selected because they were believed to be representative of the 
entire shape of the proximal tibia.  Ousley and Kenyhercz (2013) examined how the 
number of landmarks in a geometric morphometric study affected classification rates in 
discriminant function analyses.  They analyzed 155 skeletons using 4 to 40 landmarks 
and discovered that classifications peaked at 14 landmarks.  Ousley and Kenyhercz noted 
that all datasets exhibited the “Curse of Dimensionality,” meaning that too many 
variables caused overfitting in their data.  The number of landmarks used in a geometric 
morphometric study might be a topic worth consideration, since the landmarks used in 
research are often decided arbitrarily.  The use of type I landmarks are ideal since they 
are easier to locate and thus less prone to observer error.  In the current study, a majority 
of the landmarks were type II and type III landmarks which require additional steps to 
locate, and subsequently increases the potential for error.  However, this is necessary 
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because the tibia has limited identifiable type I landmarks.  This research could benefit 
from a study of how the number of landmarks affect classification rates.  For example, 
exploring how removing the landmarks for the tibial tuberosity affects the shape and 
subsequent classification rates may reveal more information about the correlation 
between tibial shape and sex.  In addition, reducing the number of landmarks used in this 
study or using a different set of landmarks may improve the cross-validated accuracy 
rates.   
Other methods of capturing landmark data also exist.  Using a Microscribe 
digitizer is only one method of collection landmark data for a geometric morphometric 
analysis.  Research utilizing laser scanners (Bilfeld et al. 2013; Sholts et al. 2011; 
Spradley and Jantz 2011), multislice computed tomography scans (Benazzi et al. 2009; 
Franklin et al. 2007) to capture landmark data for geometric morphometric analyses have 
been conducted.  These methods do not require using a Microscribe digitizer since the 
shape data is digitized in a different way.  Landmarks would be identified with the help 
of computer software rather than by hand.  Whether these methods are more precise or 
accurate in comparison to using a Microscribe digitizer is unknown, though further 
research in this area may be of merit as well. 
 
CONCLUSION 
 
  
The purpose of this study was to answer the following questions:  1) is the 
proximal tibia sexually dimorphic in shape, 2) is it useful for sex estimation of unknown 
individuals, and 3) what part of the proximal tibia exhibits the greatest variation between 
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males and females?  Using a digitizer and computer software, a generalized Procrustes 
analysis, principal components analysis, and discriminant function analysis were able to 
answer these questions.  As previous research has suggested, the proximal tibia is 
sexually dimorphic in size, and the results of this study revealed that the proximal tibia is 
sexually dimorphic in shape as well.  While the proximal tibia does exhibit sufficient 
shape differences between males and females to allow for separation, the cross-validated 
discriminant function analysis yielded a low overall accuracy rate of 58.0%.  Thus, the 
proximal tibia is only slightly useful in sex estimation.  With an accuracy rate just over 
50%, it performs only slightly better than randomly guessing the sex of an unknown 
individual.  The principal components analysis revealed that landmarks 11 and 12 located 
on the lateral side of the lateral condyle exhibited the greatest amount of variation out of 
the 21 landmarks recorded to represent the shape of the proximal tibia.  Thus, the lateral 
side of the proximal tibia exhibits the greatest variation between males and females.  This 
contradicts a previous study conducted by Stevens and Vidarsdottir (2008) who found the 
tibial tuberosity to exhibit the most variation between males and females, rather than the 
lateral condyle.   
In comparison to prior metric studies of the proximal tibia, the accuracy rates 
from this study are much lower.  Several studies examining the accuracy of tibial 
measurements for sex estimation have discovered that the proximal epiphyseal breadth 
yields the highest accuracy rates.  While these studies are in agreement with the current 
study in that the proximal tibia is sexually dimorphic, the use of size as a variable for 
estimating sex is more successful than shape.  The current study was able to separate size 
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as a variable to only examine shape, while metric studies focus on size.  The interaction 
between size and shape at the proximal tibia is an area that has not been explored, and 
would merit discussion.  Due to the limitations of the program used in this study, 
MorphoJ, size and shape were unable to be analyzed together for comparison to the effect 
of shape alone.  Other programs exist that can do separate shape analysis as well as a 
combined size and shape analysis, however, those programs do not register samples with 
missing landmarks.   
Further research can be conducted to gain a more comprehensive understanding 
of sexual dimorphism and of the tibia.  The sample of this study consisted of tibiae from a 
modern Caucasian American population.  This study can be applied to other populations 
as well.  A larger sample size and a more even age distribution would also be ideal.  Due 
to limitations of the study and the skeletal collection, the sample may not be entirely 
representative of the corresponding living population.  Although obtaining a sample 
representative of the population is difficult, it would certainly improve this study.  In 
addition, many of the samples used were missing landmarks.  The effect of missing 
landmarks on a geometric morphometric study is unknown, but is likely negative.  The 
tibia is prone to age-related changes and pathologies, and was thus difficult to find tibiae 
in perfect condition.  A sample with a greater number of undamaged tibiae would also be 
ideal.   
An additional improvement for this study could be to change the methods used to 
obtain landmarks, or to use different landmarks.  Ousley and Kenyhercz (2013) 
demonstrated that the number of landmarks used in a geometric morphometric study can 
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affect accuracy rates in sex estimation, with the optimal results occurring with the use of 
14 landmarks.  The landmarks used in the current study consisted of mostly type II and 
type III landmarks, which are more prone to observer error.  Aside from using a 
Microscribe digitizer, other methods of recording landmark data into a computer are 
multislice CT scans and laser scanning, which can scan 3D images of the entire bone into 
the computer.  Software is then used to record the exact locations of the desired 
landmarks, leaving less room for human error.   
This study focused on how the shape of the proximal tibia contributes to sexual 
dimorphism and sex estimation.  The estimation of sex in an unknown individual is a 
crucial part of the biological profile, which is in turn important in identifying unknown 
skeletal remains.  Though biological sex may appear to be straightforward, it is an 
increasingly complex topic.  This is especially true in contemporary society where the 
anthropological definition of biological sex is not nearly comprehensive enough to 
encompass the many categories of sex and gender that people identify with.  Studying 
tibial shape is only one contribution to the topic of sexual dimorphism.  This is an area of 
research that will continue on, leading us towards a better understanding of how sex 
differences manifest in our bones and what it means in the world forensics and 
anthropology. 
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